The Mycobacterium tuberculosis complex includes the four species M. tuberculosis, M. bovis, M. africanum, and M. microti. We sequenced 13 M. tuberculosis complex strains in the 16S-to-23S rDNA internal transcribed spacer (ITS). The ITS has a high rate of nucleotide substitution. Previous reports found three nucleotide substitutions in the ITS between two M. tuberculosis complex strains. In contrast, we found the same ITS sequence in all 13 M. tuberculosis complex strains (including all four species and M. bovis BCG). This finding confirms the conservation of 16S rDNA sequence and the high DNA-DNA relatedness found in previous studies. By the usual criteria, the four species of the M. tuberculosis complex would be considered a single species. In a phylogenetic analysis based on the ITS sequence, the four species of the M. tuberculosis complex were distinct from nontuberculous mycobacteria. The ITS contains at least seven potential sites for oligonucleotide probes with specificity for the M. tuberculosis complex.
oligonucleotide probes with specificity for the M. tuberculosis complex.
The Mycobacterium tuberculosis complex includes the four species M. tuberculosis, M. bovis, M. africanum, and M. microti. These species are genetically very similar, with 85 to 100% DNA-DNA relatedness (10), but they differ in their epidemiology. M. tuberculosis causes tuberculosis in humans and animals which have contact with humans. M africanum causes tuberculosis in humans in Africa (22) . M bovis is found in a wide range of wild and domestic animals, while M microti causes tuberculosis in voles (22) .
Slowly growing mycobacteria have a single rRNA operon (11, 13, 18) . The operon is transcribed as a unit; a single transcript is then processed into mature 16S, 23S, and 5S rRNAs (11) . The 16S rRNA gene (ribosomal DNA [rDNA] ) is widely used for phylogenetic analysis at the genus and species levels. However, the internal transcribed spacer (ITS) between 16S rDNA and 23S rDNA is much more variable than 16S rDNA. In slowly growing mycobacteria, the ITS is about 280 bp long and does not contain the tRNA genes which are often found in other bacteria (18) . The high nucleotide substitution rate of the ITS makes it a good site for phylogenetic analysis and a good target for diagnostic oligonucleotide probes directed at closely related species or strains (1, 8, 9, 13) . The ITSs of 60 strains of eight species of slowly growing mycobacteria have been sequenced (8, 9, 11, 13, 18) . Three ITS nucleotide substitutions were found between M tuberculosis H37RvT (the T indicates type strain) and M bovis BCG Calmette (11, 18) .
We sequenced the ITSs of 13 strains of the M tuberculosis complex. The strains chosen for analysis included the type strain of each species as well as a strain of M bovis BCG. Ten of the 13 strains were previously analyzed by restriction endonuclease digestion of chromosomal DNA and then Southern hybridization with the insertion element IS6110 (4 (4) . The ITS was amplified by using 30 cycles of PCR as described previously (8) . The primers (T3-Ecl6S.1390p and T7-Mb23S.44n) were complementary at their 3' ends to conserved regions of 16S and 23S rDNAs, which flank the ITS (8) . Each primer also incorporated a T3 or T7 phage RNA polymerase promoter at the 5' end (not used in the present work). Either purified DNA (1 to 50 ng) or a broth culture lysate (10 ,ul) was used in each 100-,ul reaction mixture. Samples were mixed with PCR reagents in a room not used for PCR product analysis. Multiple interspersed negative controls (reagents only, no DNA) were included. Successful amplification was confirmed by electrophoresis on ethidium bromidestained 2% agarose gels. No amplification products were observed in the negative controls. Positive amplification controls were 100 ng of DNA from M. avium ATCC 25291T. Phylogenetic analysis. Sequences were aligned by using the CLUSTAL program of PCGENE. Previously published mycobacterial ITS sequences were included in the alignment (8, 9, 11, 13, 18) . The alignment was adjusted manually. Only the ITS sequence (excluding the flanking portions of 16S and 23S rDNA sequences) was used for phylogenetic analysis. The phylogenetic tree reported here was constructed by using parsimony analysis with a branch-and-bound search by using PAUP version 3.1.1 (19) . The data were resampled by using 100 bootstrap replications (19) . Other phylogenetic trees were generated by using PHYLIP version 3.5c (5) 
RESULTS
Sequence results. Complete ITS sequences together with flanking partial 16S and 23S rDNA sequences were obtained for the 13 strains listed in Table 1 . The sequences of all 13 M. tuberculosis complex strains were identical. The sequences of the four type strains and M. bovis BCG Glaxo are aligned in Fig. 1 with the sequences of six nontuberculous mycobacteria (8, 9, 13) .
Comparison with previously published M. tuberculosis complex sequences. Other investigators have reported the sequences of the ITSs and flanking rDNAs for M. tuberculosis H37RvT and M. bovis BCG Calmette (11, 18) . These two sequences are shown in Fig. 1 . They differ from each other at 16S rDNA position 1444 and at ITS positions 12, 13, and 104, and both have an extra G after ITS position 173 in comparison with the sequences of our M. tuberculosis complex-strains. The discrepancies probably represent sequencing errors or cloning artifacts in the previous reports. We obtained the same sequence in all 13 M. tuberculosis complex strains, including one of the previously published strains (M. tuberculosis H37RvT). The nucleotides that we identified at the discrepant ITS positions were present in most of the other mycobacterial species whose sequences are known (Fig. 1) . Compressions in manual sequencing gels may have caused some of the discrepancies (e.g., GC versus CG, 5 G residues versus 4 G residues). We avoided the problem of cloning artifacts by direct sequencing (6) .
Comparison of M. tuberculosis complex sequences with those of other mycobacteria. Sequences from six nontuberculous mycobacterial species are included in the alignment in Fig. 1 . The 3' ends of the 16S rDNAs were relatively well conserved among these species (M. tuberculosis 16S rDNA positions 1401 to 1536). In contrast, the ITSs had many nucleotide substitutions, insertions, and deletions. The highly variable sequence of the ITS makes it a good target for diagnostic oligonucleotide probes (1, 8, 13) . Figure 1 shows seven potential probe sites in the ITS for the M. tuberculosis complex. The sequences of more mycobacterial species are needed to confirm the specificities of these sites. Table 2 lists the numbers of nucleotide differences between pairs of ITS sequences from various species of slowly growing mycobacteria. The four species of the M. tuberculosis complex were distinct from the other species, differing by at least 32 nucleotides. The phylogenetic tree in Fig. 2 displays the relationships among the 18 different ITS sequences obtained from 71 strains of slowly growing mycobacteria (8, 9, 13) . This tree was selected on the basis of maximum parsimony (19) . Four other ITS trees were generated by other methods and showed minor variations, especially in the placement of the M. scrofulaceum sequences. A recent phylogenetic analysis based on 16S rDNA included sequence data for all seven species listed in Table 2 (3). The branching order for those seven species was consistent in the 16S rDNA and ITS trees. This suggests that recombination does not occur frequently in the rRNA operon in slowly growing mycobacteria (8) . The ITS tree has longer branch lengths than the 16S rDNA tree, reflecting the greater variability of the ITS sequence. ITS sequence analysis thus provides a potentially finer means of discriminating among closely related mycobacterial species or strains (8).
DISCUSSION
All 13 strains of the four species of the M. tuberculosis complex that we tested had identical ITS sequences, suggesting a very close evolutionary relationship. These four species also have identical 16S rDNA sequences (12) and identical partial dnaJ gene sequences (20 Fig. 2 [8, 9] Members of the M tuberculosis complex are commonly identified by using a commercial chemiluminescent oligonucleotide probe (AccuProbe; Gen-Probe, Inc., San Diego, Calif.). The target of this probe is the hypervariable region of 16S rRNA (2) . Several recent reports have identified strains of M celatum and M terrae which give false-positive results with the M tuberculosis complex AccuProbe and which have sequences similar to that of the M tuberculosis complex in that region (2, 16, 17, 23) . The seven ITS probe sites identified in Fig. 1 may be more specific for the M tuberculosis complex. The ITS of one M celatum strain which gives a positive M tuberculosis complex AccuProbe result has been sequenced. It differs substantially from the M tuberculosis complex at all of the potential ITS probe sites (Fig. 1) . The ITS may be a useful target for the simultaneous identification of multiple mycobacterial species. PCR could be performed by using primers complementary to flanking regions of 16S and 23S rDNAs with specificity for the genus Mycobacterium. The PCR product could then be identified at the species level by hybridization with a panel of oligonucleotide probes, direct sequencing (12), or possibly, restriction endonuclease digestion (14) .
